Arabidopsis Rubisco was activated in vitro at rates 2-to 3-fold greater by recombinant Arabidopsis 43-kD Rubisco activase with the amino acid replacements Q111E and Q111D in a phosphate-binding loop, G-G-K-G-Q-G-K-S. However, these two mutant enzymes had only slightly greater rates of ATP hydrolysis. Activities of the Q111D enzyme were much less sensitive and those of Q111E were somewhat less sensitive to inhibition by ADP. Both mutant enzymes exhibited higher Rubisco activation activities over the physiological range of ADP to ATP ratios. Enzymes with non-polar, polar, and basic residues substituted at position Gln-111 exhibited rates of Rubisco activation less than the wild-type enzyme. Estimates of the relative affinity of the wild type and the Q111D, Q111E, and Q111S enzymes for adenosine nucleotides by a variety of methods revealed that the nucleotide affinities were the most diminished in the Q111D enzyme. The temperature stability of the Q111D and Q111E enzymes did not differ markedly from that of the 43-kD recombinant wild-type enzyme, which is somewhat thermolabile. The Q111D and Q111E enzymes, expressed in planta, may provide a means to better define the role of the ADP to ATP ratio in the regulation of Rubisco activation and photosynthesis rate.
The light-dependent activation of Rubisco (EC 4.1.1.39) in plants is dependent on the activity of the stromal protein, Rubisco activase, which usually consists of two isoforms slightly different in molecular mass (Salvucci and Ogren, 1996) . Rubisco activase uses the hydrolysis of ATP to facilitate the dissociation of ribulose 1,5-bisphosphate (RuBP) bound as an inhibitor at the active site of uncarbamylated and, therefore, inactive Rubisco . Rubisco activase also facilitates the dissociation of carboxyarabinitol 1-phosphate, bound to the carbamylated form, in plants that contain this inhibitor (Robinson and Portis, 1988; Hammond et al., 1998) . The activity of Rubisco activase is light regulated by the ratio of ADP to ATP (Robinson and Portis, 1989) , which increases from dark to light conditions in the stroma (Stitt et al., 1982) . More recently it was shown that the activity may be regulated by redox changes mediated by thioredoxin-f (Zhang and Portis, 1999) , which alters the response of the larger isoform to the ratio of ADP to ATP.
Two distinct cDNAs coding for 41-and 45-kD isoforms of spinach Rubisco activase were isolated from a cDNA expression library and subsequently shown to arise by alternative splicing (Werneke et al., 1989) . Sequence analysis revealed the presence of a "P-loop" or "Walker A" (Walker et al., 1982) triphosphatebinding loop consensus sequence, G 105 GKGQGKS 112 , for nucleotide binding, consistent with its ATPase activity. Site-directed mutagenesis of recombinant 41-kD spinach Rubisco activase substituted with either, Arg, Ile, or Thr at the invariant position, Lys-111, had no detectable ATPase or Rubisco activase activity (Shen et al., 1991) , as expected from the numerous mutagenesis studies of this region in other proteins (Traut, 1994) . Substitutions were subsequently made at the non-conserved positions (K107A, K107M, K107R, Q109E, Q109K, and S112P; Shen and Ogren, 1992) . Of these, only the K107M and Q109E mutants retained activity. Most surprisingly, the 41-kD Q109E protein exhibited a higher Rubisco activation activity and a slightly reduced ATPase activity when compared to the wild-type 41-kD recombinant protein. The dependence of both activities on the concentration of ATP was not greatly altered, but Shen and Ogren (1992) did not investigate whether inhibition by ADP was affected.
Complementation of the Arabidopsis mutant, rca Ϫ , in which Rubisco activase is not present (Salvucci et al., 1985) , with mutant forms of Rubisco activase provides a powerful approach to analyze Rubisco regulation. Rubisco activase mutants that exhibit altered responses to ATP or ADP would be especially informative because they might alter the normal regulation of Rubisco. Rather than continuing studies with the spinach recombinant isoforms in anticipa-tion of using them to complement the rca Ϫ mutant, we decided to switch to the Arabidopsis protein for two reasons. First, it seemed important to establish that the unexpected results observed with Q109E in spinach were not unique and could be observed with an identical substitution, Q111E, at the same position in the loop of Arabidopsis activase. Identical amino acid substitutions in the highly conserved Rubisco large subunit of different species have produced different biochemical effects (Spreitzer, 1999) . Second, expressing otherwise native forms of the protein in the rca Ϫ mutant would eliminate possible complications due to altering the specificity between Rubisco and Rubisco activase or other unknown components of the regulation system.
In addition, we sought to extend the previous mutagenesis experiments with the spinach protein in two important ways before attempting transformation. Because only two replacements had been made in the P-loop at the Gln position, it was desirable to determine whether any other replacements at this position would increase either ATPase or Rubisco activation activity, or both. Shen and Ogren (1992) suggested that the increased activity of Q109E was due to the acidic nature of the substitution. If so, only a replacement of the Gln with Asp would be expected to produce an effect similar to the Q109E replacement. Also, the increased activation activity of the Q109E enzyme might not be realized under physiological conditions in planta because of the potent inhibition by ADP. Therefore, we examined the response of potentially interesting mutant enzymes to both nucleotides. Shen and Ogren (1992) reported that the Q109E substitution in the 41-kD isoform of spinach Rubisco activase resulted in higher rates of Rubisco activation compared to the recombinant wild-type (RWT) protein. We were interested in determining the Rubisco activation and ATPase activities resulting from the same Gln to Glu substitution at the analogous site (position 111) in Arabidopsis Rubisco activase. In addition we wanted to examine the activity of proteins with additional substitutions at the 111 position to see if any other mutations would increase the Rubisco activation and/or ATPase activities. Figure 1 shows that the engineered recombinant proteins varied widely in their rate of activation of Rubisco with respect to the 43-kD RWT protein. Recombinant proteins Q111E and Q111D (Fig. 1A) exhibited similar rates of Rubisco activation, both appreciably greater than the 43-kD RWT. Q111S activated Rubisco at a rate slightly less the 43-kD RWT, whereas the Q111A, Q111G, and Q111H recombinant proteins all exhibited significantly less Rubisco activation activity. The Q111V, Q111L, and Q111P mutants retained little activation activity (Fig. 1) .
RESULTS

Rubisco Activation and ATPase Activities of the Mutant Proteins
The significance of the increased Rubisco activation activity of the Q111D and Q111E enzymes compared to the activity of the 43-kD RWT might be questioned because separate isolations are required. Whereas some variation (20%-30%) in the activation activities could be observed between various isolations of the same mutant enzyme made months apart, we routinely observed a 2-to 3-fold higher activation activity with the Q111D and Q111E enzymes compared to the 43-kD RWT preparations (data not shown).
Shen and Ogren (1992) also reported that the Q109E mutation in the 41-kD isoform of spinach Rubisco activase had an ATPase activity nearly equivalent to that of the 43-kD RWT, resulting in a higher efficiency because of the greater Rubisco activation activity. To determine whether this was also true for the Arabidopsis proteins, aliquots from the same protein preparation were measured spectrophotometrically on the same day for both Rubisco activation activity and ATPase activity. Table I shows that the specific activation rates for the Q111D and Q111E mutant enzymes were respectively 1.9-and 2.4-fold greater than the 43-kD RWT in this experi- ment. However, the ATPase activities of the Q111D and Q111E enzymes were only 1.4-and 1.2-fold greater, respectively, than the 43-kD RWT. Therefore, the activation efficiency (ratio of Rubisco activation and ATPase specific activities) was the highest for the Q111E enzyme (1.9-fold), followed by Q111D (1.4-fold), and Q111S (0.8-fold), which was less than the 43-kD RWT.
Effect of ADP on Rubisco Activase and ATPase Activities
Robinson and Portis (1989) found that ADP is a potent inhibitor of Rubisco activase. A re-analysis of their data and more recent data (not shown), which cover a range (0.5-3 mm) of ATP and ADP concentrations, indicates that the enzyme's activity depends simply on the ratio of ADP to ATP. As shown below, a relationship between enzyme activity and the ratio of ADP to ATP concentrations can be derived from the equation describing competitive inhibition. Whereas Shen and Ogren (1992) showed that the spinach 41-kD Q109E Rubisco activase exhibited greater Rubisco activation activity, but had a similar dependence on ATP concentration as the 41-kD RWT enzyme, they did not examine the effects of ADP on their mutant enzymes. In the chloroplast stroma, both ADP and ATP are present and will compete for the nucleotide-binding site on Rubisco activase. Therefore, it was important to determine the effects of ADP on Rubisco activation and ATPase activity of the Q111D, Q111E, and Q111S enzymes, as well as the RWT protein at physiological ADP to ATP ratios. This ratio ranges from about 1:1 in the dark to 1:3 in the light under normal conditions (Stitt et al., 1982) . Figure 2 shows that, in agreement with our previous results, the Q111D and Q111E proteins had a much higher specific activity at zero ADP:ATP than the 43-kD RWT protein. The higher activities of these proteins were maintained across a wide range of ADP to ATP ratios. At an ADP:ATP ratio of 1:3, equivalent to a typical daytime stromal ratio, the estimated values of the Q111D and Q111E enzymes are 4.3-and 2.3-fold greater, respectively, than the 43-kD RWT and Q111S enzymes, which had similar activities at this ratio. At an ADP:ATP ratio of 1:1, typical of the stromal conditions in the dark, the activity of Q111D remained nearly as high as the activity of the 43-kD RWT enzyme in the absence of ADP. However, the Q111E, Q111S, and 43-kD RWT proteins all retained minimal activity as the ADP: ATP ratio approached 1:1.
The equation describing the rate (v) for a reaction under conditions of competitive inhibition between a substrate (S) and inhibitor (I) can be rearranged into the following form:
At substrate concentrations (millimolar ATP in our experiments) much greater than the K m (m ATP for activase), the K m /S term is very small, and plots of activity versus I/S over a range of inhibitor and substrate concentrations will have the same inverse hyperbolic form. Furthermore, the ratio (R 0.5 ) Figure 2 . Dependence of Rubisco activation activity on the ratio of ADP to ATP for the 43-kD RWT and Q111D, Q111E, and Q111S mutant enzymes. Activation activity was measured by a single step Rubisco activity assay at a constant total nucleotide concentration of 4 mM. of ADP to ATP (I/S) at which activity is reduced to one-half of the activity in the absence of ADP, which can be obtained from this plot, is nearly equal to the ratio K i (ADP) to K m (ATP). The R 0.5 (ADP to ATP) values for the recombinant proteins are 0.79 for Q111D, 0.29 for Q111E, 0.39 for Q111S, and 0.20 for 43-kD RWT, which were calculated from the data shown in Figure 2 . Therefore, the K i (ADP) to K m (ATP) ratio is greater for all the mutant enzymes. However, the greatest change (4-fold) in the response to ADP to ATP ratio occurred with the Q111D enzyme.
The ATPase activities of the various recombinant Rubisco activase proteins also were measured under varying ADP to ATP ratios. Figure 3 shows that all of the enzymes also exhibited decreased ATPase activity with increasing ADP to ATP ratios. Similar to its Rubisco activation response, the Q111D enzyme exhibited the highest ATPase activity in the absence of ADP and its activity at an ADP:ATP ratio of 1:1 was nearly equal to the activity of the 43-kD RWT enzyme at the lower ratio of 1:3. However, unlike the Rubisco activation results, the ATPase activity of the Q111E enzyme was more similar to the activity of the 43-kD RWT enzyme at all ADP to ATP ratios. The R 0.5 (ADP to ATP) calculated from the data shown in Figure 3 are: RWT, 0.26; Q111D, 0.65; Q111E, 0.26; and Q111S, 0.37. These values are similar to those obtained from the Rubisco activation response except that with the ATPase activity, there was no difference in the values for the Q111E and 43-kD RWT proteins.
Alteration of Nucleotide Binding Measured by Fluorescence and ATPase Activity
Because the mutant proteins exhibited altered responses to ADP and possibly ATP, as measured by the changes in the R 0.5 values, we were interested in determining the extent to which the amino acid substitutions in the ATP-binding region (P-loop) had altered the individual affinities for ATP or ADP. A variety of fluorescent methods have been used to analyze nucleotide binding in Rubisco activase (Wang and Portis, 1991; Wang et al., 1993) . Values for the apparent dissociation constants (K d ) for ADP and ATP were determined using 1-anilinonapthalene-8-sulfonic acid (ANS) fluorescence quenching as a function of nucleotide concentration (Table II) . All of the engineered proteins had an ADP K d much greater than that of the 43-kD RWT enzyme: 5.2-fold for Q111D, 3.4-fold for Q111E, and 5.8-fold for Q111S. However, all the mutant proteins also had an ATP K d greater than that of the 43-kD RWT enzyme: 33-fold for Q111D, 7.3-fold for Q111E, and 1.7-fold for Q111S. The ratio of the ADP and ATP K d values determined by this method do not agree with the values determined by the activity assays (data not shown), particularly in the case of the Q111D enzyme that exhibited a very large increase in the ATP K d .
To determine relative affinities for ATP with a different method, we measured changes in intrinsic fluorescence of the various proteins in response to added ATP. Wang et al. (1993) concluded that the change in intrinsic fluorescence is indicative of a change in the aggregation state of Rubisco activase induced by the binding of this nucleotide. Table II shows that the ATP K d as measured by intrinsic fluorescence was only 2.5-fold greater in the Q111D mutant protein compared with the 43-kD RWT protein. However, the value for the Q111E protein was 0.5-fold less, indicating a greater affinity, and the value for Q111S was 1.3-fold greater than the 43-kD RWT protein. Even excluding the value for Q111D, the relative ATP affinities using this method clearly do not agree well with those obtained with ANS.
The third measurement of ATP affinity for the mutant proteins employed an ATP analog, 2Ј,3Ј-O-(2,4,6-trinitrophenyl)-ATP (TNP-ATP), which probes hydrophobic regions in adenine nucleotide-requiring enzymes (Hiratsuka, 1982) . TNP-ATP has been used to characterize the nucleotide-binding sites of such proteins as the cystic fibrosis transmembrane regulator (Thomas et al., 1991) , the P-glycoprotein multidrug transporter (Liu and Sharom, 1997) , and the Escherichia coli F 1 ATPase (Weber and Senior, 1997) . We used TNP-ATP to measure the relative affinities of the various forms of Rubisco activase for the probe. Table II shows that the Q111D protein has a TNP-ATP K d nearly 12-fold greater than that of the 43-kD RWT protein, whereas the Q111E:43-kD RWT ratio was 1.4 and the Q111S:43-kD RWT ratio was close to 1.
The relative affinities for ATP can also be estimated from the concentration dependence of the ATPase activity. However, this method is also indirect because the ATPase activity can be influenced by the ability of the protein to aggregate (Wang et al., 1993) . ATP hydrolysis has been suggested to arise from an Figure 3 . Dependence of the ATPase activity on the ratio of ADP to ATP for the 43-kD RWT and Q111D, Q111S, and Q111E mutant enzymes. ATPase activity was measured by a single-step assay measuring the rate of inorganic phosphate formation from ATP. The experiments were conducted at a constant total nucleotide concentration of 4 mM.
actin-like mechanism involving a dynamic equilibrium between monomers and oligomers, with activation of Rubisco dependent an oligomeric form (Lilley and Portis, 1997). Table II shows the concentration of ATP required for one-half-maximal ATPase activity (S 0.5 ). In this case, the value for the Q111D protein was 3.3-fold higher than that of the 43-kD RWT protein. The Q111E and Q111S proteins had a slightly higher affinity (S 0.5 ratios of 0.8 and 0.5, respectively) than the 43-kD RWT protein.
The various fluorescent techniques resulted in widely varying K d values for the nucleotides with each form of the activase protein. This variation suggests that the intrinsic binding affinities are being obscured by other factors unique to each method. However, the Q111D isoform consistently exhibited the least affinity for the respective nucleotides.
Thermal Stability of the Mutant Proteins
Site-directed mutagenesis of recombinant proteins can result in altered thermal stability as shown by Natarajan and Sierks (1996) , Slaby et al. (1996 ), Bogin et al. (1998 , and others. The spinach wild-type protein (Robinson and Portis, 1989) and both of the recombinant spinach Rubisco activase isoforms are thermolabile, particularly in the absence of nucleotides (Crafts-Brandner et al., 1997) . Because the mutant Q111D and Q111E proteins exhibited altered nucleotide-binding properties compared with the RWT 43-kD isoform, we examined their thermal stability to ensure that they would be suitable candidates for transformation experiments. We also examined the thermal stability of both the Arabidopsis 43-and 46-kD isoforms because of the differences found between the spinach isoforms (Crafts-Brandner et al., 1997). Table  III shows that the Q111D and Q111E mutations did not greatly alter (Ͻ2°C) the thermal stability of activase compared with the RWT 43-kD isoform when heat-treated in the absence of nucleotide. Inclusion of either ADP or the ATP analog, adenosine-5Ј-O-(3-thiotriphosphate) (ATP-␥-S), increased the thermal stability of all recombinant proteins by at least 10°C. However, the Q111D protein, when preincubated at various temperatures in the presence of 2 mm ADP, exhibited a temperature for 50% reduction in activity (T 50 ) that was 3.5°C and 4.5°C less than the Q111E and 43-kD RWT proteins, respectively. The greater thermolability concurs with our previous observations indicating that the Q111D protein does not bind ADP as tightly as the Q111E or 43-kD RWT proteins. Pre-incubation of the proteins at various temperatures in the presence of ATP-␥-S also increased the thermal stability of all the recombinant proteins by at least 10°C (Table III) . In this case, both the Q111D and Q111E proteins exhibited slightly greater (2.5°C) stability than the 43-kD RWT protein. However, neither ADP nor ATP-␥-S conferred significantly greater thermal stability to the 46-kD RWT protein as compared with the 43-kD RWT protein. This observation is in marked contrast to the report by CraftsBrandner et al. (1997) , in which ATP-␥-S conferred significant thermal stability to the 45-kD isoform of spinach Rubisco activase, relative to the 41-kD form.
DISCUSSION
Rubisco Activation with Engineered Proteins
Our data show that replacement of Gln-111 with Glu in the phosphate-binding loop increases the Table III . Effect of nucleotide on the temperature sensitivity of the ATPase activity of recombinant Rubisco activase Temperature treatments in the presence or absence of nucleotide and the spectrophotometric assay of ATPase activity are described in "Materials and Methods." The 43-and 46-kD RWT enzymes are the small and large recombinant Arabidopsis isoforms. Q111D and Q111E are the recombinant 43-kD isoforms with Glu and Asp substitutions, respectively, at position 111. T 50 is the calculated temperature in°C for 50% reduction in activity after treatment. Rubisco activation activity of recombinant 43-kD Arabidopsis Rubisco activase, confirming the results obtained by Shen and Ogren (1992) with the corresponding isoform of spinach. Replacement with Asp also increased the activation activity, which indicates that an acidic residue at this position is required for the increase in the ability to activate Rubisco. All the other replacements reduced the activation activity, with Ser causing the least reduction.
The P-loop is a ubiquitous structural domain (Kinochita et al., 1999) for binding phosphate-containing substrates. In the many cases where purine nucleotides are involved, nucleotide hydrolysis transmits conformation changes that are central to the function of the protein (Shen et al., 1994) and such a process would be applicable to Rubisco activase. The available three-dimensional structures of nucleotidebinding P-loop proteins consistently show that the two conserved Gly residues (G-X-X-X-X-G-K-S/T) allow backbone hydrogen bonds between the adjacent amino acids and the ␤-and ␥-phosphate groups. The side-chains face away from the nucleotide pocket and interact with the remainder of the protein (Smith and Rayment, 1996) . The critical Lys interacts with the ␥-phosphate, whereas the hydroxyl of the following Ser or Thr ligates to the divalent cation associated with the bound nucleotide. A wide variety of residues are found in the other positions, and many functional replacements have been found in some proteins (Shen et al., 1994) . However, the occurrence of a Gln residue adjacent to the critical GKS/T sequence as found in Rubisco activase is exceptional. A small hydrophobic (Gly, Ala, or Val) or a small polar (Ser or Thr) residue usually occupies this position. Therefore, it is likely that the replacement of the Gln residue with an acidic amino acid in the P-loop results in a major change in the interaction of the loop with the remainder of the protein.
A change in this interaction may explain both the small increase in ATPase activity and the much greater coupling of that activity into a greater ability to activate Rubisco, as seen in the Q111D and Q111E mutant enzymes. Other substitutions at position 111 cause a decrease in Rubisco activation (Fig. 1) . The Pro and Arg (data not shown) replacements resulted in minimal activity. Pro may be too inflexible, which inhibits loop movement. Arg, being both large and basic, could disrupt the loop conformation. The bulkier, non-polar residues Leu and Val also caused a substantial decrease in Rubisco activase activity, perhaps due to steric hindrance of P-loop function. The Ser replacement is similar to Gln, being an uncharged polar residue, and the Q111S protein exhibited Rubisco activation activity most similar to the 43-kD RWT protein. Proteins with the smaller, non-polar Ala and Gly substitutions retained significant Rubisco activase activity, but these residues may not provide the sufficient polar or negative charge that seems to be required for wild-type or greater activity. Shen and Ogren (1992) found that the Q111E substitution in the larger, 45-kD isoform of spinach activase did not increase its activation activity, but its ATPase activity was reduced. The larger isoform is much more sensitive to inhibition by ADP (Zhang and Portis, 1999) , and the reduction of a disulfide in the longer carboxy-terminal region relieves the inhibition, suggesting that the oxidized region interacts with the nucleotide-binding site in a manner different from the reduced form. This interaction may dominate the effects of amino acid changes at Q111, but we have not examined the effects of similar changes in the larger isoform in Arabidopsis. Because there is no three-dimensional structure for Rubisco activase, it is difficult to make more specific conclusions or interpretations about why the Q111E and Q111D enzymes have altered activity based on the structure of the nucleotide-binding site.
The Q111E enzyme has a naturally occurring counterpart in the form of the P-loop sequence reported for a bacterial Rubisco activase from Anabaena (Li et al., 1993) . A functional activase seems to be physiologically important, but it is unclear whether or not activase plays a regulatory role in this organism. (Li et al., 1999) .
Rubisco Activation at Various ADP to ATP Ratios
The increased activation activity of the Q111D and Q111E proteins was maintained at ADP to ATP ratios estimated to occur in the stroma in the light. However, the R 0.5 (ADP to ATP) of the Q111E protein was not very different from that of the RWT enzyme. Thus, this protein might still be effectively downregulated at ADP to ATP ratios observed in the stroma in the dark. In contrast, the greatly altered ADP to ATP response of the Q111D protein resulted in the maintenance of very high activity even at the dark stromal ratio. The maintenance of a significant ATPase activity in the dark wastes energy when Rubisco activation is not needed, and this dark activity could be detrimental in planta. The Rubisco activation activity of the Q111S protein was slightly reduced in the absence of ADP, but was less inhibited by ADP and thus was the most similar to the 43-kD RWT protein at physiological ADP to ATP ratios. Shen and Ogren (1992) suggested that altering the stoichiometry of Rubisco activase to ATPase activities may result in a more energy-efficient regulation of Rubisco activity. We report that the Q111E substitution in Arabidopsis Rubisco activase produces increased activation efficiency compared to the 43-kD RWT enzyme. Shen and Ogren (1992) have reported similar results for the same mutation in spinach. These authors did not make the Q109D mutation in spinach. Our Q111D enzyme was 1.4-fold more efficient than the 43-kD RWT enzyme, but less efficient than the Q111E enzyme (1.9-fold increase). However, these efficiencies are not calculated at physiological nucleotide ratios, which may be more important in terms of finding mutants that may lead to more efficient activation in planta. Comparing Figures 1  and 2 , the activation:ATPase ratios of both the Q111D and Q111E enzymes are both about 2.5-fold greater than the 43-kD RWT enzyme at 1:3 and 1:1 ratios of ADP:ATP. The Q111D mutant enzyme exhibited a high level of ATPase activity under dark levels of ADP to ATP compared with all other isoforms tested. The Q111E enzyme, on the other hand, exhibited both increased activation efficiency and less ATPase activity at the 1:1 ADP:ATP ratio compared with the RWT enzyme.
We can only speculate at this point that the increased activation activity of these mutants may have some benefit in planta because antisense Arabidopsis plants with 30% to 40% of wild-type levels of Rubisco activase had significant reductions in growth under ideal conditions (Eckardt et al., 1997 ). An increased activation efficiency may also have some impact in planta, and the altered ADP to ATP regulation of the Q111D enzyme would seem to have considerable potential to alter the phenotype of mutant plants in some manner. The recently discovered role of the 46-kD isoform in the regulation of activase (Zhang and Portis, 1999 ) also needs to be explored in vivo. In any case, it is clear that the contrasting activation activities and responses to ADP to ATP ratio of these proteins provide an excellent opportunity to investigate the role and significance of ADP to ATP regulation in the regulation of Rubisco by placing these proteins in the rca Ϫ Arabidopsis mutant.
Altered Apparent Dissociation Constants for ADP and ATP
The greatly altered ADP to ATP response of the Q111D enzyme indicates that the relative affinity for ADP is reduced more than it is for ATP. We expected that by using ANS fluorescence, it would be possible to resolve the observed R 0.5 (ADP to ATP) for each protein to the alteration in the binding of each nucleotide. However, the ANS method indicated that the affinity for ATP is more diminished than that for ADP in the Q111D and Q111E proteins, which clearly disagrees with the observed ADP to ATP responses. Some improvement may have occurred if additional experiments were performed in the presence of Mg 2ϩ (Wang and Portis, 1991) . However, the 33-fold increase in the ATP K d of the Q111D mutant enzyme compared with that of the RWT enzyme, suggests that the method may not provide valid comparisons for the various mutants. In hindsight, this is reasonable because the method actually measures alteration in the binding of ANS to hydrophobic sites accessible to the probe as a result of nucleotide binding. The alterations in the P-loop, which may be communicating the status of the nucleotide-binding site to remote areas of the protein, and the unknown relationships between aggregation of the activase and ANS binding, clearly complicate the application of this method.
The relative K d indicated by intrinsic fluorescence, TNP-ATP, and the ATPase activity were generally more consistent for each enzyme. The intrinsic fluorescence and ATPase methods indicated a 2.5-to 3.3-fold increase for the Q111D enzyme and a 0.45-to 0.8-fold increase for the Q111E enzyme, but with the Q111S enzyme, one method indicated an increased affinity and the other a decreased affinity. A much larger decrease in the affinity of the nucleotidebinding site in the Q111D mutant enzyme was also indicated with TNP-ATP, even though this analog binds much tighter than either ATP or ADP. We attribute the inconsistencies with these methods to the fact that they do not directly measure nucleotide binding, and to the possibility that these mutant enzymes not only differ in affinity for nucleotides, but also in the transmission of binding to other parts of the protein. Thus, the degree to which changes in the binding of each nucleotide contributes to the altered responses to ADP to ATP ratio may be difficult to resolve unless methods to directly measure the binding of ATP and ADP during the activation of Rubisco are employed in future studies.
MATERIALS AND METHODS
PCR Site-Directed Mutagenesis
Templates used for PCR were cDNA sequences of the 43-kD isoform of Arabidopsis Rubisco activase (Werneke et al., 1989) . PCRs using four bottom-strand PCR primers, 5Ј-TGACGAGCTCACACTGGAAGGATTTACC(GNA or GNG or ANC or GNT) ACCTTTGCCTCCCC-3Ј (where N was either, A, G, C, or T), were used to modify the codon that codes for the amino acid at position 111 (italicized trimers) and to generate a SacI site (underlined hexamer) for linking the two fragments down stream of the P-loop. An NcoI site for initiation of translation was created at the 5Ј end of the coding region of the cDNA. An additional PCR using 3Ј and 5Ј mutagenic primers created a BamHI site at the 3Ј end of the cDNA for directed cloning and a SstI site to link the front part of the complete clone. The large size (45-mer) of the PCR primers resulted in a sufficiently high melting temperature to permit a two-step PCR reaction. The time and temperature for the two steps were 1 min at 72°C and 1 min at 92°C for 35 cycles. The reaction conditions were 10 mm KCl, 10 mm (NH 4 ) 2 SO 4 , 20 mm Tris [Tris(hydroxymethyl)-aminomethane]-HCl (pH 8.8 at 25°C), 2 mm MgSO 4 , 200 m each dNTP, 100 ng of DNA template, and 100 pmol of primer, and 1 unit of Vent Polymerase 3 (New England Biolabs, Beverly, MA) in a final volume of 100 L.
Cloning and Identification of PCR Site-Directed Mutagenesis Products
PCR products were identified on 1% (w/v) agarose by size comparison to a 1-kb ladder (Bethesda Research Labs, Gaithersburg, MD) and diagnostic restriction digest of the engineered SacI site. The PCR products were excised from the gel, purified, and ligated into expression vector pTrc99a (Pharmacia Biotech, Piscataway, NJ) for expression and cloning. Products of the ligation reaction were transformed into Escherichia coli cloning vector JM101 (Stratagene, La Jolla, CA) and selected on 200 mg L
Ϫ1
carbenicillin Luria Bertani plates. Single colonies containing putative cloned PCR site-directed mutagenesis products were grown overnight in liquid Luria Bertani containing 200 mg L Ϫ1 carbenicillin. Plasmid DNA was extracted from the overnight cultures by the alkaline lysis method (Maniatis et al., 1982) and the randomly introduced nucleotide changes were identified by dideoxy sequencing (Sanger et al., 1977) . Clones were analyzed until lines containing either acidic, basic, aromatic, polar, or sterically large or small amino acids were identified.
Expression and Purification of Recombinant Rubisco Activase
The pTrc99a expression vectors containing the engineered Arabidopsis 43-kD Rubisco activase cDNA were transformed into BL21(DE3) (Novagen, Madison, WI). Transformed cells were grown at 37°C to an A 600 of 0.8, at which time Rubisco activase expression was induced with 1 mm isopropyl ␤-d-thiogalactoside. Cells were incubated for an additional 4 h, chilled on ice, and centrifuged. The pellet was resuspended in 10 to 15 mL of 20 mm 1,3-bis [Tris(hydroxymethyl) methylamino] propane (pH 7.2), containing 1 mg mL Ϫ1 lysozyme and 1 mm phenylmethylsulfonyl fluoride, and incubated with moderate stirring for 30 min at 40°C. The resulting viscous mixture was sonicated on ice for 1 min with a Branson Sonifier 450 (Branson Ultrasonics, Danbury, CT). The lysed cells were centrifuged at 27,000g for 45 min at 4°C. The supernatant was decanted into a chilled graduated cylinder and solid (NH 4 ) 2 SO 4 was added to 35% saturation and stirred for 1 h at 4°C. The mixture was centrifuged for 20 min at 17,000g at 4°C. The subsequent pellet was gently resuspended in 1 to 2 mL of 20 mm 1,3-bis [Tris(hydroxymethyl) methylamino] propane (pH 7.2) and 0.2 mm ATP, quickly frozen in liquid nitrogen, and stored at Ϫ80°C. Prior to further purification by ion-exchange chromatography, the sample was thawed and passed over a Sephadex G-25 desalting column (Sigma, St. Louis). The collected sample was loaded onto a 25-mL Q-Sepharose column and eluted with a 0 to 400 mm NaCl gradient at a flow rate of 1 mL min Ϫ1 . Eluate fractions between 220 and 300 mm NaCl were analyzed for recombinant Rubisco activase by immunoblot analysis and PAGE. Fractions containing Rubisco activase that were at least 90% pure were concentrated to 3 to 5 mg mL Ϫ1 in a Centriprep-10 concentrator (Amicon, Beverly, MA), frozen in liquid nitrogen, and stored at Ϫ80°C.
Biochemical Assays of Rubisco Activase Activity
In the absence of ADP, Rubisco activation by the various recombinant Rubisco activase proteins was measured with the two-step radiometric assay described by Shen et al. (1991) . The reaction mixture contained 1 mm ATP, 0.5 mg mL Ϫ1 of Arabidopsis Rubisco-RuBP complex, and 0.1 mg mL Ϫ1 recombinant Arabidopsis Rubisco activase. Phosphoenolpyruvate and pyruvate kinase were replaced by 2 mm phosphocreatine and 20 units mL Ϫ1 phosphocreatine kinase. In the presence of ADP, the single step Rubisco activity assay described by Zhang and Portis (1999) was used. Activity was determined at the various ADP to ATP ratios indicated while maintaining a total nucleotide concentration of 4 mm.
The ATPase activity of Rubisco activase at various ADP to ATP ratios was assayed by measuring the formation of inorganic phosphate from ATP as described by Zhang and Portis (1999) . The total nucleotide concentration was maintained at 4 mm and the protein concentration was 50 g mL Ϫ1 .
In some experiments, activation of the inactive RubiscoRuBP complex by recombinant Rubisco activase was measured by following 3-phosphoglyceric acid production in a coupled spectrophotometric assay as described by Larson et al. (1997) with the following modifications: The assay mixture contained 100 mm Tricine (N-tris[hydroxymethyl]-methyl-Gly; pH 8.0), 10 mm MgCl 2 , 3 mm ATP, 0.3 mm NADH, 4 mm RuBP, 10 mm sodium bicarbonate, 125 g mL Ϫ1 Arabidopsis Rubisco-RuBP complex, 1 mm phosphoenolpyruvate, 30 units mL Ϫ1 pyruvate kinase, 20 units mL Ϫ1 glycerate 3-phosphate kinase, 15 units mL Ϫ1 glyceraldehyde 3-phosphate dehydrogenase, 150 units mL Ϫ1 triose phosphate isomerase, and 15 units mL Ϫ1 glycerol phosphate dehydrogenase. The reaction was initiated by the addition of 25 g mL Ϫ1 recombinant Rubisco activase. The specific activation activity of Rubisco activase is the rate of increase of Rubisco activity per milligram of activase protein. These rates are expressed as micromoles CO 2 fixed per minute per milligram Rubisco per minute per milligram activase as used by Shen and Ogren (1992) . Alternatively, the activation rate can be expressed in terms of the carbamylation of Rubisco (Larson et al., 1997) by dividing this unit by the maximal specific activity of the Rubisco used in the experiment, which averaged 2 mol CO 2 min Ϫ1 mg Ϫ1 . The specific activation activity of Rubisco activase expressed in this manner has units of moles carbamylation CO 2 per mole Rubisco site per minute per milligram activase.
The ATPase activity of recombinant Rubisco activase in the absence of ADP was measured by a spectrophotometric assay modified from Robinson and Portis (1989) . The assay mixture contained 50 mm Tricine (pH 8.0), 20 mm KCl, 10 mm MgCl 2 , 0 to 2 mm ATP, 1 mm phosphoenolpyruvate, 0.3 mm NADH, 40 units mL Ϫ1 pyruvate kinase, and 40 units mL Ϫ1 lactate dehydrogenase in a total volume of 0.5 mL. The reaction was initiated by the addition of Rubisco activase to a final concentration of 25 g mL Ϫ1 .
